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1.0  SUMMARY 


The  analysis,  design,  fabrication  and  experimental  testing  of  a  twin- 
spool  turbocharger  was  conducted  for  the  Cummins  NTC-475  diesel  engine.  Two 
major  designs  of  the  twin-spool  turbocharger  were  fabricated  and  tested: 

1)  Compact  design,  concentric  shaft-to-shaft  bearing  coupled  turbocharger 
incorporating  a)  split  40°  backswept  impeller,  b)  split  AiResearch 
T18A85  turbine  rotor,  c)  adjustable  vaned  compressor  diffuser  and 

d)  nozzleless  AiResearch  turbine  (volute)  housing, 

2)  Independently  supported  (shafts  dynamically  de-coupled)  concentric 
shaft  design  incorporating  a)  separate  structures  for  bearing  support 
of  the  inner  shaft,  b)  split  25°  backswept  compressor  impeller, 

c)  split  T18A40/T18A85  turbine  rotor/exducer  combination  and  d)  divided 
volute,  adjustable  nozzle  turbine  housing. 

While  bench  tests  were  performed  on  both  designs,  actual  engine  testing 
was  successfully  carried  out  using  the  latter  design.  The  engine  tests  indicated 
that  the  second  twin-spool  configuration  gave  performance  comparable  to  the 
originally  equipped  two-stage  turbocharger  system  of  the  NTC-475  diesel  engine 
(rated  BHP  of  425  hp  at  2100  RPM,  best  BSFC  of  0.35  at  engine  lug)  with  the 
added  benefit  of  extending  engine  lugging  range  to  1200  RPM  (from  1300  RPM,  as 
originally  equipped) .  This  configuration  gave  peak  compressor  efficiency 
of  about  75  percent  and  peak  turbine  efficiency  of  about  80  percent,  both  attri¬ 
buted  to  the  reduction  inducer  angle  of  attack  and  exducer  exit  swirl  angle  made 
possible  by  the  twin-spool  concept. 

The  above  results  indicate  that  the  twin-spool  turbocharger  concept  is  a 
viable  approach  for  providing  wide  range  in  engine  torque  capability  without 
the  size  and  weight  of  multiple  stage  turbocharger  systems. 
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2.0  INTRODUCTION 


2.1  Background 

Figure  1  presents  the  turbocharger  compressor  map  for  the  Army 
525  CID  VHO  diesel  engine.  This  map  illustrates  the  engine  limitations 
imposed  by  the  compressor  in  conventional  turbochargers .  At  engine  speeds 
of  1200  and  1600  RPM  the  maximum  pressure  ratio  developed  by  the  compressor 
is  roughly  1.3  and  1.6:1,  respectively,  due  to  the  intersection  of  the  engine 
operation  line  with  the  compressor  low-flow  instability  limit  or  surge  line. 

In  addition,  at  low  engine  speeds,  and  the  corresponding  low  airflows,  the 
compressor  efficiency  drops  well  below  the  design  value.  Thus,  the  engine 
torque  developed  at  low  engine  speeds  is  severely  limited  by  conventional 
turbochargers . 

The  variable  diffuser  vane  mechanism  of  the  Variable  Area  Turbocharger 
(Ref.  1) ,  as  shown  in  Figure  2,  is  one  technique  to  partially  remedy  this 
situation.  With  the  variable  diffuser  vanes,  the  ability  to  adjust  diffuser 
throat  area  allows  the  surge  line  to  be  shifted  to  lower  flow  rates  and 
avoids  surge  at  most  engine  operating  conditions.  A  second  technique  to 
improve  the  limited  low  speed  engine  performance  is  the  compressor  diffuser 
bleed  system  (Ref.  2),  as  shown  in  Figure  3.  This  technique  accomplishes  the 
same  surge  control  objectives  as  the  variable  diffuser  system  but  does  so 
with  a  simpler  fixed  geometry  system. 

Even  with  these  advanced  turbocharger  concepts,  maximum  diesel 
engine  torque  output  at  low  engine  speeds  is  still  limited  by  turbocharger 
performance.  It  appears  that  the  cause  of  this  still-limited  turbocharger 
performance,  at  lug  operating  conditions,  is  primarily  due  to  declining 
compressor  inducer  and  turbine  exducer  efficiency.  The  causes  of  these  poor 
compressor  inducer  and  turbine  exducer  efficiencies  are  as  follows: 
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At  rated  engine  power  conditions,  it  is  conventional  practice  to 


design  the  compressor  inducer  for  near  zero  angle  of  attack.  Also,  the 
inducer  is  designed  just  large  enough  to  pass  the  required  airflow.  If  too 
small,  it  will  choke — that  is,  attain  sonic  velocity  in  the  inducer  channel 
passages,  and  the  engine  will  not  obtain  the  desired  airflow.  If  the 
inducer  area  is  too  large,  the  compressor  performance  at  the  lower  power 
conditions  will  decrease  substantially. 

Also  at  rated  conditions  it  is  conventional  practice  to  design  the 
turbine  exducer  for  near  zero  swirl  just  downstream  of  the  exducer.  If  too 
small,  it  will  increase  leaving  losses  (due  to  high  velocities)  and  put 
substantial  back  pressure  on  the  engine  causing  a  loss  in  engine  power  output. 

If  the  exducer  is  too  large,  it  will  not  only  increase  swirl  losses  at  rated 
power,  but  will  further  increase  swirl  losses  at  the  lower  power  conditions. 

Unfortunately,  substantial  losses  in  aerodynamic  performance  are 
encountered  in  going  from  rated  power  to  lug  power.  First,  the  inducer  angle 
of  attack  increases  substantially,  as  shown  in  the  vector  diagram  of  Figure  4, 
(e.g.,  to  as  much  as  20  degrees)  causing  severe  inducer  stalling  and  separation, 
which  in  turn  causes  reverse  flow  and  regurgitation  along  the  compressor  shroud. 
A  loss  in  compressor  efficiency  of  as  high  as  15  points  is  frequently 
encountered  in  going  from  full  power  to  lug  power  operating  conditions . 

Secondly,  the  turbine  exducer  swirl  losses  increase  substantially.  The  pri¬ 
mary  reason  is  that,  in  order  to  maintain  compressor  pressure  ratio,  the  turbo 
speed  must  remain  essentially  constant.  However,  the  mass  flow  at  lug  may 
be  only  about  half  that  at  rated;  and,  therefore,  the  gas  velocity  in  the 
exducer  channel  at  lug  is  about  half  that  at  rated.  Consequently  a  very  large 
swirl,  as  high  as  60  degrees,  occurs  in  the  direction  of  wheel  rotation,  as 
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shown  in  the  vector  diagram  of  Figure  5.  This  can  result  in  a  turbine 
efficiency  loss  of  as  high  as  15  points  in  going  from  rated  to  lug.  Even 
with  variable  area  turbine  nozzles,  it  is  difficult  for  the  turbine  to 
overcome  this  possible  combined  30  point  loss  in  turbocharger  efficiency  and 
still  supply  sufficient  power  to  drive  the  compressor. 

2.2  Twin-Spool  Concept 

Addressing  the  above  problem,  a  turbocharger  design  for  reducing 
the  at-lug  inducer  and  exducer  losses  was  conceived.  This  design  involves 
splitting  the  compressor  inducer  and  the  turbine  exducer  from  the  radial 
portions  of  the  wheels,  and  connecting  the  inducer  and  exducer  with  a  separate 
shaft.  With  this  turbocharger  design,  the  inducer  and  exducer  would  operate 
at  reduced  speeds  at  lug  as  compared  to  the  radial  wheels,  thereby  reducing 
the  inducer  angle  of  attack  and  exducer  leaving  jmgle  for  improved  efficiencies. 
The  radial  wheels  would  continue  to  operate  at  whatever  speed  is  necessary 
to  maintain  the  required  pressure  ratio. 

2.3  Program  Objectives 

The  general  objective  of  this  program  was  to  develop  a  high  perfor¬ 
mance  radial  flow  turbocharger  incorporating  a  unique  split  inducer/exducer 
concept.  The  specific  objectives  of  this  program  were  to  develop  (i.e.  to 
design,  fabricate,  and  test)  a  single  stage,  twin-spool  turbocharger,  to 
replace  the  existing  two-stage  turbocharger  system  of  the  475  hp,  Cummins  855 
diesel  engine . 
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COMPRESSOR 


Figure  1.  Compressor  map  for  standard  T1882  turbocharger  for  VHO  diesel  with 
engine  operating  lines  superimposed 


-9- 


■10 


Ficrure  2.  Photograph  of  variable  diffuser  mechanism  for  VCR  1360  turbocharger 


SHUTOFF  VALVE 


-11- 


Vinlet 


vinlet 

airflow 


LUG  CONDITION 
Decreasing  inlet  airflow  = 
Decreasing  relative  angle  of 
incidence  = 

Increasing  angle  of  attack  to  the 
point  where  flow  separation  and 
inducer  stall  occurs. 


Figure  4.  Vector  diagram  demonstrating  effect  of  reduced  impeller  flow  on 
inducer  angle  of  attack  with  conventionally  designed  compressors 
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RATED  CONDITION 


Utangential 
blade  RMS 


Conventional  exducer  design 


Figure  5 .  Vector  diagrams  demonstrating  effect  of  reduced  exhaust  flow  on 

turbine  exducer  exit  flow  angle  with  conventionally  designed  turbines 
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3 . 0  THEORETICAL  CONSIDERATIONS 


3.1  Basic  Twin-Spool  Concept 

A  schematic  layout  of  the  twin-spool  turbocharger  is  presented  in 
Figure  6.  As  shown  there,  the  basic  twin-spool  components  include: 

1.  Radial  turbine  rotor  and  outer  shaft  assembly,  and 

2 .  Radial  compressor  wheel  coupled  to  the  above . 

3.  Turbine  exducer  section,  and 

4.  Compressor  inducer  section  coupled  to  the  above  with  a  separate 
independent  shaft . 

The  general  operation  of  the  twin-spool  turbocharger  concept  is  as 
follows:  The  radial  compressor  wheel  and  turbine  rotor  operate  as  would  a 
conventional  turbocharger  rotating  assembly?  however,  surplus  available 
exhaust  gas  energy  at  the  radial  turbine  exit  is  converted  into  shaft  work 
via  the  separate  turbine  exducer  section.  This  extra  work  is  delivered  to  the 
compressor  inducer  section  which,  in  conjunction  with  the  turbine  exducer, 
turns  at  a  reduced  rotational  speed  with  respect  to  the  radial  section  assembly. 

Figure  7  presents  a  vector  diagram  which  illustrates  the  aerodynamic 
boundary  conditions  affecting  each  of  the  axial/radial  components  in  the 
twin-spool  turbocharger.  As  shown  there,  near  zero  inducer  angle  of  attack 
and  near  zero  exducer  gas  exit  swirl  angle  are  achievable  due  to  the  variable 
speed  (a  function  of  turbocharger  airflow)  of  that  common  assembly.  In 
addition,  the  transition  of  flow  from  one  stage  to  a  successive  stage  can  be 
achieved  efficiently  (near  zero  angles  of  attack)  as  well,  through  proper 
design  of  channel  flow  areas  and  blade  angles.  The  resultant  speed  of  the 
inducer/exducer  assembly  (with  respect  to  the  radial  section  assembly)  is  a 
function  of  the  aerodynamic  design  of  the  twin-spool  components  and  is  discussed 
in  detail  in  Section  4.2. 
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4.0  HARDWARE  DESIGN  AND  FAB RI CATI ON  -  FIRST  DESIGN  TWIN-SPOOL  TURBOCHARGER 
Figure  8  presents  a  layout  drawing  of  the  complete  (first  design)  twin- 
spool  turbocharger.  As  shown  there,  the  turbocharger  contains  separate 
shafts  which  allow  independent  operation  of  the  inducer/exducer  assembly 
from  the  radial  compressor/turbine  assembly.  The  primary  design  philosophy 
of  the  twin-spool  turbocharger  shown  here  is  to  produce  a  cost-effective 
unit  which  is  competitive  with  commercial,  existing  turbochargers.  This 

is  accomplished  through  the  use  of  many  off-the-shelf  components  (i.e.,  bearing 

j 

housing,  rotor  shaft,  floating  sleeve  bearings,  thrust  bearing,  heat  shield, 
turbine  housing,  etc.)  which  could  be  used  as-is  or  without  major  modification 
and  through  simplicity  of  design  which  calls  for  a  minimum  of  added  components. 
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4.1  Bearing  System 


Figure  9  presents  a  detailed  layout  of  the  (first  design)  twin- 
spool  turbocharger  rotating  assemblies.  This  design  utilizes  a  modified 
AiResearch  T18A85  turbine  rotor  (bored  through  to  accept  inner  shaft) 
supported  on  floating  sleeve  bearings  within  an  AiResearch  T18  bearing 
capsule.  The  outer  shaft  "stack -up"  is  completed  with  the  installation 
of  the  thrust  spacer,  seal  ring  spacer,  radial  compressor  impeller  and 
spanner  nut/belleville  washer  combination. 

The  inner  shaft  is  supported  by  i)  a  deep  groove  radial  ball 
bearing  at  the  inducer  end,  which  is  retained  in  a  bore  within  the  radial 
compressor  wheel  and  ii)  a  coated  joumal/air  bearing  sleeve  at  the 
exducer  end,  which  is  located  in  a  bore  within  the  radial  turbine  rotor. 

The  ball  bearing,  which  locates  the  inner  shaft  axially  as  well  as  radially, 
is  grease-packed  and  sealed.  It  was  rated  for  long  life  in  the  twin-spool 
turbocharger  as  it  needed  only  to  endure  the  differential  speed  between  the 
respective  shafts  (up  to  25,000  RPM) .  The  inner  shaft  journal  surface,  at 
the  exducer  end,  is  coated  with  Everlube  811  compound  to  provide  surface 
lubricity  during  start-up  and  shut-down  modes  of  turbocharger  operation. 
During  normal  running  operation,  bleed  air  from  the  radial  impeller  backface 
region  is  ducted  between  the  shafts  to  the  exducer  journal  area  to  i)  cool 
the  journal  bearing  area  and  ii)  form  an  air  film  bearing  between  the  inner 
shaft  journal  and  corresponding  bearing  shell.  In  addition,  an  Everlube 
811  coated  snubbing  journal  is  located  at  the  center  of  the  inner  shaft 
which,  under  static  conditions,  has  a  small  diametral  clearance  with  respect 
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to  the  outer  shaft  bore  but  is  provided  to  restrain  inner  shaft  excursion 
during  dynamic  first-order  flexural  mode. 

Two  designs  for  the  exducer  end  air  bearing  shell  were  considered: 
i)  a  fully  machined  stainless  steel  insert  with  Everlube  811  coating  for 
start-up  lubricity  (as  shown  in  Figure  9)  and  ii)  a  bearing  insert  made  from 
Graphitar  (a  formed  carbon/graphite  composite  material)  as  shown  in  Figure  10. 
The  study  of  both  approaches  showed  that  either  design  was  capable  of  with¬ 
standing  temperatures  up  to  1200°F  (high  temperature  limitation  of  both 
Everlube  811  and  Graphitar  materials) ;  but  in  practice,  the  Graphitar  bearing, 
when  impregnated  with  synthetic  turbine  oil  prior  to  operation,  demonstrated 
greater  longevity  and  reliability. 
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Figure  8.  Complete  Twin-Spool  Turbocharger  Layout 
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Figure  9.  Detailed  layout  of  twin-spool 

turbocharger  rotating  assemblie 


Figure  10.  Modified  twin-spool  turbocharger  using  Graphitar  journal  bearing  at  turbine  end 


4.2  Principal  Rotating  Components 


The  four  principal  rotating  components  of  the  twin-spool  turbocharger 
are  i)  the  compressor  inducer,  ii)  the  radial  compressor  impeller,  iii)  the 
radial  turbine  rotor  and  iv)  the  turbine  exducer  and  are  presented  conceptually 
in  Figure  11.  The  aerodynamic  design  of  these  components  involved  the 
blending  of  the  following  considerations: 

A)  Solidity  -  (From  Reference  3)  Closer  blade  spacing  (with  respect 
to  chord  length)  means  that  a  given  blade  can  operate  over  a 
wider  range  of  inlet  flow  angles  without  separation.  In 
addition,  closer  spacing  means  that  the  flow  angle  leaving  a 
blade-to-blade  passage  (flow  calculations  are  assumed  to  be 
average  values  for  a  given  cross  section)  exhibits  smaller 
variation  across  the  blade  passage  and  is  more  likely  to  exit 
parallel  to  the  blade  exit  angle.  In  the  instance  where  blade 
spacing,  s,  is  fixed  (i.e.,  when  cutting  an  inducer  or  exducer 
from  existing  wheel  designs)  the  solidity  of  the  element  is 
obtained  by  increasing  the  blade  chord  length,  C,  thereby 
improving  the  C/s  ratio. 

B)  Blade  angles  -  The  blade  angles  of  the  principal  components  are 
optimized  to  satisfy  the  following  criterion: 

i)  Leading  edge  blade  angles  are  adjusted  to  minimize  incident 
angle  of  attack  on  a  given  stage  with  emphasis  placed  on 
achieving  near  zero  angle  of  attack  at  the  lug  (low  engine  RPM) 
condition  for  best  efficiency  in  that  range  of  operation. 
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ii)  Trailing  edge  blade  angles  are  adjusted  a)  for  the  inducer, 
to  create  sufficient  loading  (increased  turning  of  airflow 
by  the  inducer  means  increased  work  done  by  the  inducer 
stage)  commensurate  with  exducer  power  output  to  achieve  the 
reduced  inner  shaft  speed  desired  and  b)  for  the  exducer,  to 
achieve  near  zero  exit  swirl  at  reduced  rotational  speed, 
again  with  emphasis  on  optimization  at  lug  operating  conditions. 

C)  Wheel  diameters  -  The  diameters  of  the  principal  components  are 
selected  as  follows : 

i)  The  inducer  diameter  directly  affects  inlet  annular  flow  area 
and,  likewise,  inducer  inlet  blade -to-b lade  passage  area.  This 
diameter  is  made  just  large  enough  to  provide  the  required  flow 
area  to  pass  the  rated  (maximum  power)  engine  airflow. 

ii)  The  radial  compressor  wheel  exit  diameter  is  chosen  to  be 
consistent  with  the  given  airflow  requirements  as  well.  Suit¬ 
ability  for  a  given  range  of  airflow  means  the  definition  of 
an  optimum  blade-to-blade  channel  flow  area,  a  function  of 
overall  wheel  diameter  (and  blade  height) ,  with  emphasis  for 
optimization  placed  at  the  lug  (low  flow)  condition.  In 
practice,  the  ratio  of  exit  diameter  to  inducer  diameter  may 
vary  from  about  1.4  to  1.9:1. 

iii)  The  tip  diameter  of  the  radial  turbine  wheel  is  selected  to 
achieve  the  optimum  U/Co  ratio  of  0.71  at  design  conditions, 
again  with  emphasis  placed  on  low  flow  (i.e.,  lug  engine  speed) 
performance.  The  parameter  U/CD  is  the  ratio  of  turbine  tip 
speed  to  ideal  (isentropically  expanded)  exhaust  gas  spouting 
velocity. 


-24- 


iv)  The  turbine  exducer  diameter  is  made  as  large  as  possible 

to  minimize  axial  gas  exit  losses.  In  conventional  designs, 
this  would  cause  a  large  positive  gas  exit  swirl;  but,  by 
virtue  of  reduced  exducer  speed  made  possible  by  the  twin- 
spool  concept,  gas  exit  swirl  is  held  to  near  zero  values 
at  design  conditions. 

D)  Efficiency  -  The  primary  design  approach  for  the  twin-spool  turbo¬ 
charger  is  to  obtain  i)  optimum  efficiency  and  performance  at  lug 
engine  conditions  to  obtain  maximum  boost  pressure  and  ii)  only 
that  efficiency  and  performance  at  the  rated  engine  condition  to 
generate  the  (combustion-limited)  rated  boost  pressure. 

The  results  of  the  aerodynamic  design,  presented  in  Table  1,  were 
generated  using  a  rather  sophisticated  computer  program  written  to  perform  the 
difficult  and  tedious  task  of  matching  the  two  twin-spool  shafts .  To  be  more 
specific,  this  computer  program  determines  the  available  turbine  horsepower  (for 
both  the  radial  and  exducer  sections)  as  a  function  of  the  split  turbine  geometry 
and  then  determines  the  resultant  compressor  speed  (for  both  the  radial  and 
inducer  sections)  to  absorb  this  horsepower,  again  as  a  function  of  the  split 
compressor  geometry.  The  program  uses  several  iterative  techniques  until  the 
horsepowers,  speeds  and  flow  conditions  for  the  inducer/exducer  sections  and  the 
radial  sections  are  matched. 

Fabrication  of  the  twin-spool  turbocharger  rotating  components  was 
accomplished  by  a)  axially  splitting  the  inducer  and  radial  compressor  impeller 
each  from  separate  TMS  5",  40°  backswept  cast  aluminum  impellers  and  b)  axially 
splitting  the  radial  turbine  rotor  and  exducer  sections  each  from  separate 
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AiResearch  T18A85  turbine  wheels.  Figure  12  presents  photographs  of  the  semi¬ 
finished  inducer  and  exducer  sections,  while  Figures  13  and  14  present  photographs 
of  the  radial  turbine  and  radial  compressor  wheels,  respectively. 

4.2.1  Spin  Testing 

The  function  of  spin  testing  was  to  intentionally  stress  the 
bores  of  critical  rotating  components  to  yield  by  spinning  them  to  10  percent  over 
rated  speed.  Following  spin  testing,  the  bore  is  then  final  machined.  This 
process  is  done  to  eliminate  further  yielding  in  service  thereby  holding  critical 
bore  dimension  more  accurately  and  also  to  avoid  low  cycle  fatigue. 

Figure  15  is  a  photograph  which  shows  the  complete  spin  test 
hardware  package,  with  radial  turbine  wheel  installed,  ready  for  testing  in 
the  TMS  test  facility.  Features  of  the  spin  test  hardware  package  include  the 
following: 

1)  T18  bearing  capsule  (with  floating  sleeve  bearings)  modified 
for  magnetic  speed  pickup  access  to  the  turbine  shaft. 

2)  T18  turbine  housing  modified  for  cold-air  testing. 

3)  Protective  sling  material  surrounding  bearing  capsule  and 
turbine  housing. 

4)  Containment  shield  which  fits  in  place  of  standard  compres¬ 
sor  housing. 

5)  Turbine  trap  downstream  of  turbine  housing  to  capture  high 
energy  fragments  should  turbine  failure  occur. 

6)  Accelerometer  to  monitor  dynamics  of  rotating  assembly. 

The  radial  turbine  rotor  was  installed  into  the  bearing  test 

capsule  with  an  artificial  compressor  inpeller  secured  in  the  "stack -up"  (for 
overall  assembly  balance)  and  was  successfully  spun  to  83,000  KPM.  The  radial 
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compressor  impeller  and  turbine  exducer  were  tested  as  well  by  mating  each 
to  separate  T18  turbine  rotors  with  shafts  modified  to  accept  the  respective 
undersized  bores.  These  components  were  both  tested  to  83,000  RPM  which 
corresponds  to  10  percent  and  15  percent  over  rated  speed  for  each  wheel, 
respectively.  During  all  tests  minimal  vibration  was  observed  and  no  indication 
of  bore  distortion  was  detectable. 

Following  spin  tests,  all  components  were  final  machined  and 
are  presented  in  the  photograph  in  Figure  16 .  Figure  17  presents  a  photograph 
of  the  assembled  (first  design)  twin-spool  turbocharger  with  compressor  and 
turbine  housings  removed. 
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4.3  Compressor  Diffuser  and  Housing 


Figure  18  presents  a  photograph  of  the  TMS  adjustable  21-vane 
diffuser/backplate  system.  This  diffuser  was  chosen  for  use  with  the  twin- 
spool  turbocharger  because: 

1.  Data  from  airflow  testing  shows  that  this  diffuser  is  capable 
of  providing  both  the  range  and  the  efficiency  needed  to  match 
or  extend  the  operating  envelope  currently  available  with  the 
NTC-475  engine  with  the  originally-equipped  twin-turbo 
package . 

2.  The  adjustability  of  the  diffuser  allows  for  fine-tuning  of 
the  engine/turbo  system  during  actual  dyno  testing.  By  having 
control  over  the  diffuser  throat  area,  the  optimum  balance 
between  good  engine  lug  performance  and  control  of  boost 
pressure  at  the  rated  condition  may  be  obtained  without  the 

need  to  obtain  and/or  fabricate  new  hardware.  The  initial  throat 
area  for  the  diffuser  was  set  at  1.6  in2. 

3.  The  diffuser  was  available  and  has  been  proven  to  be  a  valuable 
developmental  tool. 

In  addition,  an  AiResearch  torus  style  compressor  housing  was  obtained 
and  modified  to  a)  match  the  shroud  contour  of  the  twin-spool  compressor 
section  and  b)  interface  with  the  TMS  adjustable  diffuser/backplate  system 
described  above. 
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4.4  Turbine  Nozzles  and  Housing 

Calculations  to  match  the  correct  exhaust  manifold  pressure  to 

engine  exhaust  flow  characteristics  of  the  NTC-475  diesel  engine  resulted  that 

2 

the  effective  turbine  nozzle  area  should  be  2.91  in  .  In  an  AiResearch  turbine 
housing  for  use  with  a  5.1  inch  diameter  turbine  wheel,  this  translates  into 
the  parameter  A/R  =  1.14.  The  AiResearch  nozzleless,  volute  style  turbine 
housing  is  preferred  because  it  has  been  shown  to  provide  good  engine  lug 
performance  due  to  its  ability  to  recover  exhaust  gas  pulse  energy  at  low  engine 
speeds.  Consequently,  the  AiResearch  nozzleless  volute,  A/R  =  1.14,  was  obtained 
and  modified  to  match  the  shroud  contour  and  exducer  size  of  the  twin-spool 
turbocharger . 
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Compressor  Inducer  Section 


Diameter .  3.026  in. 

Inlet  Annular  Area .  6.39  in.2 

RMS  Radius .  1.128  in. 

Inlet  Blade  Angle .  36.5  deg. 

Inlet  Channel  Area .  3.39  in.2 

Exit  Blade  Angle.. .  69  deg. 

Exit  Channel  Area .  5.09  in.^ 

Number  of  Blades .  10 


Radial  Compressor  Section 

Inlet  Diameter. . . . 

Inlet  RMS  Radius . . 

Inlet  Blade  Angle. 

Inlet  Channel  Area 

Exit  Diameter . 

Exit  Blade  Angle . . 

Exit  Channel  Area. 

Radial  Turbine  Section 

Inlet  Diameter . 

Exit  Diameter . 

Exit  RMS  Radius . 

Exit  Blade  Angle . 

Exit  Channel  Area.... 

Turbine  Exducer  Section 

Inlet  Diameter .  4.214  in. 

Inlet  Blade  Angle .  36.0  deg. 

Exit  Diameter .  4.214  in. 

Exit  RMS  Radius .  1.560  in. 

Exit  Blade  Angle .  53.5  deg. 

Exit  Channel  Area . 6.48  in.2 

Compressor  Housing  and  Diffuser 
Diffuser  Throat  Area....  1.60  in.2 

Number  of  Vanes .  21 

Housing  Type . Torus 

Turbine  Housing 

Housing  Type . AID  Nozzleless 

Volute 

Effective  Nozzle  Area...  A/R=1.14 


5.086  in. 
4.214  in. 
1.578  in. 
36.5  deg. 
8.18  in.2 


3.026  in. 
1.144  in. 

49  deg. 
4.59  in.2 
5.00  in. 

50  deg. 
3.10  in.2 


Where: 

1)  all  angles  are  measured  at  the  RMS  radius 

2)  all  compressor  blade  angles  are  given  with 
respect  to  the  tangential  direction 

3)  all  turbine  blade  angles  are  given  with 
respect  to  the  axial  direction 


Table  1.  Key  physical  parameters  of  the  twin-spool  turbocharger  first 
aerodynamic  design 
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Figure  14,  Twin-spool  turbo 


Wheel 


Figure  13.  TMS  adjustable  varied  diffuser  syst 


5.0  EXPERIMENTAL  PROGRAM 


5.1  Baseline  Engine  Testing 

5.1.1  Baseline  Engine  Selections 

A  survey  of  engines  suitable  for  twin-spool  turbocharger 
development  resulted  in  the  selection  of  the  Cummins  NTC-475  diesel  engine. 

The  reasons  for  this  choice  were:  1)  the  Cummins  855  diesel  presently  is  in 
production,  2)  the  475  hp  Cummins  855  diesel  is  an  advanced,  high  efficiency 
engine  with  the  very  respectable  BSFC  of  .34  lb/bhp  hr  and  3)  the  475  hp 
Cummins  855  diesel  utilizes  two  broad  range,  high  efficiency  series  turbochargers. 
Figure  19  presents  a  photograph  of  the  Cummins  NTC-475  twin- turbo  diesel  engine. 

The  use  of  the  two  series  turbochargers  on  the  475  hp  Cummins 
855  diesel  is  a  direct  result  of  the  need  for  high  torque  at  the  low  engine  speed 
(lug)  conditions.  Using  dual  series  turbochargers  reduces  the  pressure  ratio 
requirement  of  each  compressor — and  the  range  of  most  centrifugal  compressors 
is  significantly  increased  as  the  pressure  ratio  requirement  is  reduced. 

Now,  as  has  already  been  stated  in  the  Program  Objective,  the 
specific  goal  of  this  program  will  be  to  obtain  the  approximate  475  hp  Cummins 
855  diesel  engine  performance  by  using  the  single  twin-spool  turbocharger  in 
place  of  the  existing  dual  series  turbochargers.  It  is  anticipated  that  this 
one-for-two  turbocharger  replacement  will  reduce  the  space  and  weight  requirements 
of  the  turbocharger  systems  of  high  output  military  diesel  engine  applications. 

5.1.2  Manufacturer's  Performance  Specifications 

Table  2  presents  engine  performance  data  for  the  NTC-475 
diesel  engine,  as  supplied  by  the  Cummins  Engine  Company.  Figures  20  and  21 
present  some  of  this  data  in  plotted  form.  Important  data  gleaned  from  Table  2 
and  Figures  20  and  21  are: 


-39- 


1.  The  engine  torque  increases  from  1188  lb  ft  at  rated 
engine  speed  of  2100  RPM  to  a  maximum  of  1430  lb  ft  at 
lug  engine  speed  of  1400  RPM. 

2.  The  optimum  engine  BSFC  is  about  .34  lb/bhp  hr  and  occurs 
from  about  1300  RPM  to  about  1800  RPM. 

3.  The  intake  manifold  pressure  and  the  exhaust  manifold 
pressure  decrease  from  89"  Hga  to  71"  Hga  and  from  86"  Hga 
to  53"  Hga,  respectively,  in  going  from  2100  RPM  rated  engine 
speed  to  1300  RPM  lug  engine  speed. 

4.  The  F/A  ratio  and  the  exhaust  manifold  temperature  increase 
from  .032  to  .044  and  from  1120°F  to  1200°F,  respectively, 

in  going  from  2100  RPM  rated  engine  speed  to  1300  RPM  lug  engine 
speed. 

The  Cummins  data  indicates  that  the  engine  is  firing  pressure 
limited  above  1400  RPM,  but  boost  pressure  limited  below  1400  RPM.  Furthermore, 
it  appears  that  the  boost  pressure  limitation  below  1400  RPM  results  from 
limited  availability  of  turbine-to-compressor  power  which,  with  fixed  turbine 
nozzle  geometry  and  without  wastegate,  can  only  be  improved  upon  by  1)  increasing 
F/A  ratio  and,  therefore,  exhaust  gas  temperature  (EGT)  and/or  2)  improving 
the  compressor  and  turbine  efficiencies.  As  noted  in  Item  4  above,  the  first 
technique  has  been  used;  however,  it  is  the  second  technique  which  must  be 
addressed  in  order  to  improve  engine  lug  performance. 

5.1.3  Engine  Test  Set-Up 

Figure  22  presents  a  photograph  of  the  NTC-475  engine  mounted 
on  the  TMS  diesel  engine  dyno  test  bed.  Tasks  undertaken  to  prepare  for  engine 
baseline  testing  included  the  following: 
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1.  Motor  mounts  were  fabricated  to  secure  the  NTC-475  engine 
to  the  dyno  test  bed. 

2.  An  engine-to-dyno  flywheel  adapter  was  fabricated  in  order 
to  connect  with  the  General  Electric  TG25H  500  hp  eddy 
current  dynamometer.  The  engine  mounts  were  adjusted  for 
optimum  driveshaft  alignment  (dual  Zum  Amerigeor 
couplings  were  employed) . 

3.  The  engine  inlet  duct  system,  complete  with  bellmouth 
flowmeter,  air  cleaner  and  adjustable  butterfly  valve  (for 
inlet  pressure  correction)  was  connected  to  the  engine's 
first  stage  compressor  inlet. 

4.  The  test  facility  exhaust  system  (i.e.,  muffler  and  building 
exit  plumbing)  was  connected  to  the  engine. 

5.  The  test  facility  fuel  system,  which  includes  main  reservoir, 
feed  pump,  filter,  recirculation  tank  and  Cox  rotameter, 

was  connected  to  the  engine. 

6.  The  test  facility  water  cooling  system  was  connected  to  the 
engine . 

7.  A  (60-tooth)  sprocket-gear  assembly  was  adapted  to  the  engine 
crankshaft  and  magnetic  probes  installed  in  order  to  monitor 
engine  EPM. 

8.  Electrical  hook-ups  to  the  engine,  including  starter  and  fuel 
control  circuits,  were  completed. 

9.  The  engine,  turbochargers  and  related  support  systems  were 
fully  instrumented  for  pressures,  temperatures,  speeds  and 
flow  rates.  A  detailed  listing  of  the  instrumentation  appears 
in  Table  3. 
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10.  Calibration  of  the  dyno  console  safety  shut-down  system 
was  done  to  the  following  specifications: 

Min.  Oil  Press  -  20  psig 

Max.  Oil  Temp  -  220°F 

Max.  Coolant  Temp  -  200°F 

Max.  Blowby  Press  -  14  in.  I^O 

Max.  Engine  Speed  -  2200  PPM 

11.  The  General  Electric  TG25H  dynamometer  was  calibrated 
over  the  torque  range  of  0  to  1500  ft.  lbs. 

5.1.4  Test  Procedure 

Table  4  is  presented  to  show  the  engine  operating  points  that 
were  set  for  the  NTC-475  baseline  test.  At  each  of  the  six  engine  speeds  shown, 
torque  was  adjusted  by  increments  of  300  lbs.  ft.  until  the  maximum  torque 
for  the  given  speed  was  obtained.  This  test  plan  yielded  29  engine  operating 
points  from  which  baseline  data  was  collected. 

For  each  of  the  operating  conditions,  the  set  speed  was  held 
constant  by  varying  the  dynamometer  load  as  fuel  flow  was  adjusted  to  produce 
the  desired  torque  output.  In  addition,  the  inlet  air  control  valve  was  adjusted 
to  maintain  the  constant  inlet  reference  pressure  of  28.4  in  Hga.  Data  was 
collected  for  non-critical  measurements  (i.e.,  support  system  measurements  not 
related  to  engine/turbo  performance)  while  stabilization  of  important  pressures 
and  temperatures  occurred.  Once  steady-state  conditions  were  verified,  critical 
data  was  collected  and  the  next  set  point  was  established. 

5.1.5  Test  Data  Reduction 

An  engine  performance  map  was  generated  along  with  supplemental 
curves  which  help  to  analyze  engine/turbocharger  performance  for  the  NTC-475  engine. 
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Existing  compressor,  turbine  and  engine  computer  programs  were  used  to 
calculate  the  critical  turbocharger  and  engine  performance  from  the  test  data. 

5.1.6  Baseline  Engine  Test  Results  and  Discussion 

The  "raw"  test  data  and  reduced  test  results  for  the  NTC-475 
engine  baseline  test  are  presented  in  tabular  form  in  Appendix  B.  For  analysis 
and  comparison  studies,  the  reduced  test  data  has  been  plotted  and  is  pre¬ 
sented  in  Figures  23  through  27.  The  important  results  gleaned  from  the  test 
data  are  as  follows: 

1)  The  maximum  BHP  and  BMEP  obtained  in  the  baseline  engine 
tests  (see  Figure  23)  were  quite  close  to  the  values 
supplied/specified  by  Cummins.  The  maximum  BHP  of  475  hp, 

as  specified  by  Cummins,  was  obtained  at  2100  KPM  and  maximum 
torque  of  1194  lb.  ft. 

2)  The  very  respectable  BSFC  (see  Figure  24)  of  about  .34 
lb/hp-hr,  as  specified  by  Cummins,  was  obtained  at  1500  PPM 
and  maximum  torque  of  about  1450  lb.  ft.  (see  Figure  22) . 

3)  The  peak  boost  pressure  (see  Figure  25)  of  about  87-89  in. 

Hga  and  the  peak  airflow  of  about  1.5  lb. /sec.,  both  as 
specified  by  Cummins,  were  obtained  at  2100  PPM  and  maximum 
torque  of  1194  lb.  ft. 

4)  Both  the  AiResearch  T18A85  and  Holset  HC3-5  turbochargers 
demonstrated  (generally)  increasing  efficiencies  (see 
Figures  26,  27  and  Appendix  A)  in  going  from  2100  RPM  rated 
engine  speed  to  1300  RPM  lug  engine  speed.  This  is  exactly 
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what  is  needed  to  a)  give  optimum  diesel  engine  (lug) 
performance  at  low  speeds  while  b)  limiting  boost  pressure 
at  high  (rated)  speeds. 

5)  The  exceptional  increase  in  the  Holset  turbocharger 

efficiency  at  lug  was  due  in  large  part  to  the  following 
good  design  practice: 

a)  The  turbine  U/C0  (see  Appendix  B) ,  at  the  maximum 
torque  condition,  increased  from  about  .57  at  2100  RPM 
rated  speed  to  about  .65  at  1300  RPM  lug  speed.  The 
optimum  U/CQ  for  best  turbine  efficiency  is  about  .71. 

b)  The  turbine  gas  exit  swirl  angle  (see  Appendix  B) ,  at 
the  maximum  torque  condition,  changed  from  about  -14° 
at  2100  RPM  rated  speed  to  about  -2°  at  1300  RPM  lug 
speed.  The  optimum  swirl  angle  is  0°. 

c)  The  indicated  compressor  efficiency  (see  Figure  27) ,  at 
the  maximum  torque  conditions,  increased  from  about  69 
percent  at  2100  RPM  rated  speed  to  about  78  percent  at 
1300  RPM  lug  speed. 

d)  The  apparent  turbine  efficiency  (see  Appendix  B)  at  the 
maximum  torque  condition,  increased  from  about  55  percent 
at  2100  RPM  rated  speed  to  about  67  percent  at  1300  RPM 
lug  speed. 

The  above  turbocharger  data  results,  most  notably  for  the  the 
Holset  HC3-5,  indicated  that  the  baseline  turbocharger  system  was  suitably  de¬ 
signed  to  give  good  lug  speed  performance  while  limiting  rated  speed  boost 
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pressures.  It  should  be  noted  that  the  ample  airflow  range  capability  of  the 
turbocharger  system  is  a  direct  result  of  the  relatively  low  pressure  ratio 
requirement  placed  upon  each  compressor  stage  —  that  is,  1.77:1  and  1.94:1 
maximum  for  the  T18A85  and  HC3-5,  respectively.  The  maximum  pressure  ratio 
required  of  a  single  compressor  stage  replacing  the  two  compressor  stages 
turns  out  to  be  about  3.1:1  where  the  same  wide  compressor  range,  in  conven¬ 
tionally  designed  compressors,  would  be  difficult  to  achieve.  The  TMS, 
advanced  twin-spool  compressor  concept,  however,  was  thought  to  be  capable 
of  this  combined  pressure  ratio  and  still  give  (or  extend)  the  broad  (torque) 
range  available  with  the  originally  equipped  turbocharger  system. 

5.1.7  Baseline  Turbocharger  Bench  Tests 

In  order  to  further  assess  turbocharger  performance  characteris¬ 
tics  of  the  NTC-475  twin-turbo  engine,  each  turbocharger  was  removed  from  the 
engine  and  individually  bench  tested.  (A  complete  description  of  turbocharger 
bench  test  set-up  and  procedure  is  presented  in  Sections  5.2.1  and  5.2.2.) 

Bench  testing  was  carried  out  using  the  same  airflow  measurement  equipment 
(calibrated  venturi  and  manometer)  as  used  in  the  NTC-475  baseline  test  so  that 
accurate  and  complete  compressor  maps  could  be  obtained  for  the  two  turbocharger 
stages . 

Figures  28  and  29  present  the  resultant  compressor  maps  for 
the  T18A85  and  HC3-5,  respectively.  Also  shown  on  these  maps  are  the  engine 
operating  lines  which  were  determined  experimentally  in  the  NTC-475  baseline 
engine  test.  Important  results  which  are  obtained  from  these  figures  are  as 
follows: 
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1)  The  T18A85  compressor  (see  Figure  28)  is  operated  near 
the  center  of  its  range  with  the  majority  of  the  operating 
envelope  lying  within  the  73  percent  efficiency  island. 

With  the  NTC-475  operating  at  maximum  torque,  the  compres¬ 
sor  efficiency  increases  from  about  70  percent  to  about 

74  percent  as  the  engine  speed  is  changed  from  2100  RPM 
to  1300  RPM. 

2)  The  HC3-5  compressor  efficiency  (see  Figure  29)  increases 
from  about  67  percent  to  about  74  percent  as  engine  speed 
is  changed  from  2100  RPM  to  1300  RPM.  This  trend,  which 
is  apparent  in  both  the  T18A85  and  HC3-5  compressors,  is 
exactly  what  is  desired  to  a)  give  optimum  diesel  lug  per¬ 
formance  while  b)  limiting  boost  pressure  at  the  rated 
condition . 

3)  The  HC3-5  compressor  is  operated  very  close  to  the 
compressor  instability  limit  or  "surge  line"  at  the  engine 
speed  of  1300  RPM.  While  operation  of  the  compressor  close 
to  this  region  has  no  detrimental  effect,  it  does  mean  that 
lug  performance  at  engine  speeds  lower  than  1300  RPM  would 
not  be  possible. 

The  above  findings  reaffirm  the  suitability  of  the  originally- 
equipped  two-stage  turbocharger  system  to  give  good  lug  speed  torque  performance, 
albeit  limited  to  1300  RPM  engine  speed.  Improvements  which  were  felt  to  be 
feasible  and  beneficial  to  the  lug  speed  torque  performance  of  the  NTC-475  over 
and  above  that  which  the  originally-equipped  turbo  system  provided  were: 
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1)  Elimination  of  heat  and  pressure  loss  normally  found 
between  turbine  stages  of  multi-stage  systems. 

2)  Improvement  of  overall  turbine  efficiency  by  a)  recovering 
more  of  the  available  exhaust  gas  pulse  energy  across  a 
single  turbine  stage  and  b)  minimizing  turbine  exducer 
leaving  losses  with  the  use  of  the  twin-spool  split 
exducer  concept. 

3)  Improvement  of  compressor  range  and  efficiency  with  the 
use  of  the  twin-spool  compressor  resulting  in  a  broader 
torque  range  than  was  presently  available. 
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Figure  19.  Photograph  of  475  HP  Cummins  855  diesel  engine 
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NTC-475  BASELINE  TEST  INSTRUMENTATION  LIST 
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MAX  TOR 


EXH  MAN  TEMP 


T18A85  RPM/1000  COMP  Pt/Pt  COMP  EFF.  %  TURB  Pt/Ps 
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Figure  26.  Engine  test  results:  AiResearch  T18A85  turbocharger  performance 
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HC3-5  RPM/1000  COMP  Pt/Pt  COMP  EFF.  %  TURB  Pt/Ps 


ENGINE  RPM 

Figure  27.  Engine  test  results:  Holset  HC3-5  turbocharger  performance 
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5.2  First  Design  Twin-Spool  Turbocharger  Bench  Testing 


5.2.1  Bench  Test  Set-Up 

Figure  30  presents  a  photograph  of  the  first  design  twin- 
spool  turbocharger  installed  in  the  TMS  bench  test  facility.  Features  of 
the  bench  test  apparatus  include: 

1.  Variable  air  supply  for  driving  turbine.  Tests  may  be 
run  with  "cold"  air  (100  to  350°F)  or  with  hot  air  (600 
to  1400°F)  to  simulate  engine  exhaust  properties. 

2.  Remotely  adjustable  compressor  back-pressure  valve.  Mass 
flow  may  be  varied  at  constant  compressor  speed  so  that 
compressor  performance  data  may  be  collected  over  the 
range  from  surge  to  choke. 

3.  Dedicated  turbo  oil  supply.  Pumped  oil  is  heated  or 
cooled  as  required,  filtered  and  regulated  to  provide  con¬ 
trolled  pressure  and  temperature  oil  to  the  turbocharger. 

4.  Safety  shutdown  system  which  turns  off  the  turbine  drive 
air  supply  in  the  event  of  i)  low  oil  pressure  at  the 
bearing  capsule  inlet,  ii)  high  oil  temperature  at  the 
bearing  capsule  outlet  and  iii)  excessive  gas  temperature 
at  the  turbine  inlet. 

5.  Complete  instrumentation  of  pressures,  temperatures  and  speeds, 
as  outlined  in  Table  5. 

5.2.2  Bench  Test  Procedure 

The  turbine  drive  air  system  was  started  slowly  and  the  turbo¬ 
charger  run  at  low  speed  while  checks  were  made  to  determine  that  mechanical 
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operation  was  normal  (with  close  attention  given  to  monitored  vibration)  and 

that  all  instrumentation  was  functioning  properly. 

Twin-spool  compressor  performance  was  measured  by  setting  a 

predetermined  corrected  radial  section  speed  and  collecting  data  at  a 

number  of  airflow  settings  across  the  compressor  range  from  surge  to  choke. 

Corrected  radial  section  speed  is  defined  as  follows: 

N 

„  r adi al  s e c t i on  actual 

N 

corr 

inlet 


For  each  of  the  airflow  settings  tested,  steady-state 
conditions  were  verified  (stabilization  of  key  pressures  and  temperatures 
observed)  before  data  was  collected.  At  the  completion  of  a  given  "speed-line", 
the  compressor  discharge  valve  was  opened  fully  and  the  turbine  drive  airflow 
increased  until  the  turbocharger  was  accelerated  to  the  next  corrected  speed. 

As  before,  close  attention  was  given  to  the  monitored 
vibratory  characteristics  and  also  the  sound  of  the  turbocharger  to  avoid 
operation  at  any  obvious  critical  speed  condition. 

5.2.3  First  Design  Twin-Spool  Turbocharger  Bench  Test  Results 
and  Performance  Analysis 

Figure  31  presents  the  compressor  performance  map  of  the 
twin-spool  turbocharger  resulting  from  bench  testing  at  the  corrected  radial 
section  speeds  of  20,000,  25,000,  30,000,  35,000,  40,000  and  48,000  KPM. 

(Testing  at  speeds  above  48,000  KPM  was  not  feasible  due  to  the  occurrence  of 
high  vibratory  characteristics.)  As  shown  in  the  compressor  map,  peak  compres¬ 
sor  efficiency  increased  from  59  percent  to  about  70  percent  as  the  speed  was 
varied  from  20,000  to  48,000  RPM.  In  addition,  the  peak  pressure  ratio  attained 
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was  1.84:1.  The  inclusion  of  the  NTC-475  diesel  engine  constant  speed 
operating  lines  serves  to  show  the  suitability  of  the  twin-spool  compressor 
section  to  satisfy  the  airflow  range  requirements  of  that  engine  and  indicates 

1)  correct  sizing  of  coirpressor  inducer  diameter  and  2)  appropriate  diffuser 
throat  area  setting.  The  broad  range  shown,  however,  would  normally  be 
expected  to  decrease  with  increasing  rotor  speed  (and,  hence,  higher  pressure 
ratio)  operation.  Figures  32  and  33  present  additional  curves  obtained  from 
the  data  and  from  which  the  following  important  results  are  noted: 

1)  The  inducer  speed,  as  shown  in  Figure  32,  ran  about 

10  percent  to  20  percent  higher  than  that  of  the  radial 
compressor  wheel.  Inducer  speed  varied  as  a  function  of 
compressor  airflow  with  peak  overspeed  typically  occurring 
near  the  midpoint  between  choke  and  surge  for  a  given 
constant  speed  line. 

2)  Work  done  by  the  inducer  on  the  airflow,  as  shown  in 

Figure  32,  varied  mostly  between  28  and  36  percent  of  the  total 
work  done  by  the  whole  compressor.  This  excessive  amount  of 
inducer  work  was  a  direct  result  of  the  inducer  overspeed 
condition  and  was  felt  to  contribute  to  the  low  overall  com¬ 
pressor  efficiencies  presented  in  Figure  31. 

3)  The  pressure  ratio  developed  by  the  inducer  varied  from  about 
1.03:1  to  1.16:1,  primarily  as  a  function  of  absolute  inducer 
speed  and  only  secondarily  as  a  function  of  compressor  airflow. 

4)  The  inducer  blade  leading  edge  angle  of  attack,  as  shown  in 
Figure  33,  varied  from  about  8  to  22  degrees,  and  was  a 
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direct  result  of  the  inducer  overspeed  condition  noted 
in  Item  1  above . 

5)  The  radial  compressor  blade  leading  edge  angle  of  attack, 
as  shown  in  Figure  33,  varied  mostly  between  -25  and  -37 
degrees.  This  also  was  a  direct  result  of  the  inducer  over¬ 
speed  condition  which,  in  effect,  imparted  an  excessive 
positive  tangential  velocity  component  to  the  airflow 
thereby  turning  the  airflow  beyond  what  was  required  for 

a  smooth  transition  into  the  radial  compressor  stage. 

6)  The  turbine  exducer  gas  exit  swirl  angle  varied  from  about 
47  to  67  degrees,  as  shown  in  Figure  33.  The  large 
positive  swirl  was,  again,  a  result  of  the  inner  shaft 
overspeed  condition  which  gave  rise  to  an  abnormally  large 
positive  tangential  component  to  the  absolute  gas  exit 
velocity. 

Analysis  of  the  inner  shaft  overspeed  condition  encountered  on 
these  tests  indicated  that  the  following  factors  were  involved: 

1)  Testing  conducted  with  the  cold-flow  turbine  inlet  condition 
(100-300°F)  led  to  poor  radial  turbine  performance  due  to 
decreased  radial  turbine  efficiency,  which  in  turn  led  to 
surplus  energy  production  in  the  turbine  exducer  stage.  One 
of  the  losses  that  can  be  experienced  in  a  radial  turbine 
occurs  when  there  is  a  mismatch  between  the  tangential  speed 
of  the  radial  blade  tips  and  the  velocity  of  the  gas  approach¬ 
ing  the  blade  tips .  The  parameter  U/Co  is  a  measure  of  this 
relationship  between  the  incoming  gas  and  the  turbine  tip  speed. 
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U  is  the  turbine  tip  speed  in  feet  per  second,  and  CD  is 
the  spouting  velocity  which  is  defined  as  the  velocity  the 
gas  would  achieve  if  expanded  isentropically  from  turbine 
inlet  conditions  to  ambient  conditions .  The  ideal  value  of 
U/CG  for  best  turbine  efficiency  is  0.71.  As  shown  in 
Figure  33,  the  values  of  U/CD  resulting  from  the  twin-spool 
turbocharger  bench  tests  varied  between  about  .85  and  .95. 

For  these  values  of  U/CQ,  an  efficiency  loss  of  up  to  20 
percent  was  reasoned  to  have  been  present. 

2)  Another  source  of  loss  in  the  radial  turbine  can  be  blade 

exit  leaving  loss  caused  by  large  amounts  of  gas  swirl  in  the 
same  direction  as  wheel  rotation.  This  condition  can  be 
caused  by  a)  insufficient  exit  blade  angle,  b)  excessive 
exit  channel  flow  area,  c)  gas  flow  that  exits  the  radial 
turbine  passage  that  does  not  travel  parallel  to  the  turbine 
blade  surface.  It  was  felt  that  the  design  of  the  radial 
turbine  wheel  could  be  improved  by  extending  the  exit 
blading  length  by  about  0.4  inches.  In  doing  so,  an  increase 
of  the  solidity  of  the  radial  turbine  section  would  be 
achieved  with  a  concurrent  increase  of  the  exit  blade  angle 
and  decrease  of  the  exit  channel  area. 

Mechanically,  the  design  was  plagued  by  high  vibrations  particularly 
at  the  turbine  end.  The  turbine  air  bearing  did  not  work  satisfactorily,  the 
Everlube  811  coating  tended  to  wear  off  and  all  bearing  surfaces  on  the  turbine  end 
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showed  high  wear.  Many  fixes  were  tried;  some  helped,  but  it  appeared  that 
rated  rotor  speeds  were  going  to  be  very  difficult  to  achieve. 

It  became  apparent  at  this  point  in  the  program  that  a  new 
mechanical  design  and  a  modified  aerodynamic  design  were  required. 
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TABLE  5 


FUNCTION 


SENSOR  QTY 


RANGE 


READOUT 


Temperatures 


Compressor  inlet 

Thermocouple 

1 

-200  to  2000°F 

Compressor  inlet  total 

Thermocouple 

1 

-200  to  2000  F 

Shroud  inlet 

Thermocouple 

1 

-200  to  2000  F 

Inducer  out  total 

Thermocouple 

1 

-200  to  2000°F 

Compressor  outlet  total 

Thermocouple 

2 

-200  to  2000°F 

Turbine  inlet 

Thermocouple 

2 

-200  to  2000°F 

Turbine  out 

Thermocouple 

1 

-200  to  2000°F 

Turbine  out  total 

Thermocouple 

1 

-200  to  2000  F 

Oil  inlet 

Thermocouple 

-200  to  2000°F 

Oil  out 

Thermocouple 

1 

-200  to  2000°F 

Howell 

Howell 

Howell 

Howell 

Howell 

Howell 

Howell 

Howell 

Howell 

Howell 


Digital 

Digital 

Digital 

Digital 

Digital 

Digital 

Digital 

Digital 

Digital 

Digital 


Indicator 

Indicator 

Indicator 

Indicator 

Indicator 

Indicator 

Indicator 

Indicator 

Indicator 

Indicator 


Pressures 

11  Ambient 

12  Venturi 

13  Compressor  inlet 

14  Inducer  1/8"  up 

15  Inducer  1/8"  down 

16  Compressor  1/8"  up 

17  Compressor  1/8"  down 

18  Compressor  tip 

19  Diffuser  channel 

20  Compressor  out 

21  Turbine  in 

22  Turbine  out 

23  Turbine  out  wedge 


Barometer 
Static  tap 
Total  probe 
Static  tap 
Static  tap 
Static  tap 
Static  tap 
Static  tap 
Total  probe 
Total  probe 
Total  probe 
Static  tap 
Total  probe 


40  in.Hga. 
60  in.  H20 
60  in.  H20 
200  in  Hga. 
200  in  Hga. 
200  in  Hga. 
200  in  Hga. 
100  psia. 
100  psia. 
100  psia. 
100  psia. 
100  psia. 
i  3  psig. 


Visual 

Manometer 

Manometer 

Kollsman 

Kollsman 

Kol  lsman 

Kollsman 

Kollsman 

Kollsman 

Kollsman 

Kollsman 

Kollsman 

Dwyer 


Speeds 


Radial  wheels 

Magnetic 
pi ckup 

1 

0  to  1,000,000 

Axial  wheels 

Magnetic 

pickup 

1 

0  to  1,000,000 

Vibration 


Vibration 

1 

| 

Turbocharger 

transducer 

j  1  0  to  600  mv. 

|  Tektronix  Scope 
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EXDUCER  GAS  EXIT  RADIAL  COMP  ANGLE  INDUCER  ANGLE  OF 

SWIRL  ANGLE,  deg  OF  ATTACK,  degrees  ATTACK,  degrees  TURBINE  U/Co 
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Figure  33.  Variation  of  exducer  gas  exit  swirl  angle,  radial  compressor  angle  of 
attack,  inducer  angle  of  attack  and  turbine  U/C0  as  a  function  of 
corrected  airflow 


6.0  HARDWARE  DESIGN  AND  FABRICATION  -  SECOND  DESIGN  TWIN-SPOOL  TURBOCHARGER 
6.1  Bearing  System 

Figure  34  presents  a  layout  drawing  of  the  second  design  twin-spool 
turbocharger.  This  alternate  bearing  system  was  developed  for  the  twin-spool 
turbocharger  in  order  to  separate  the  dynamics  of  the  inner  and  outer  shafts 
thereby  avoiding  the  obstacle  of  bearing  coupled  shaft-to-shaft  imbalance  and 
vibration  difficulties.  The  principal  features  of  the  new  bearing  system 
were  as  follows: 

i)  The  outer  shaft  of  the  twin-spool  turbocharger  was  made 
to  a  slightly  larger  diameter  than  previously  used  and  was 
installed  in  a  bearing  system  which  featured  axially  preloaded 
angular  contact  ball  bearings  and  a  radially  preloaded  damper 
system  which  located  the  bearing  outer  races.  This  ball  bearing 
system  had  been  previously  fabricated,  developed  and  tested 
(approximately  1000  hours  of  operation)  and  was  of  proven 
reliability.  The  necessary  parts  to  build  the  complete  bearing 
capsule  were  already  on  hand. 

The  ball  bearing  system  was  chosen  to  reduce  the  amount  of 
radial  shaft  excursion  to  a  minimum  so  that  accurate  inner-to- 
outer  shaft  concentricity  could  be  achieved  under  dynamic  conditions 
thereby  avoiding  shaft-to-shaft  contact. 

ii)  The  inducer  end  of  the  inner  shaft  was  supported  by  a  pair 
of  permanently  lubricated  ball  bearings  installed  in  a  bearing 
capsule  which  was  attached  to  the  compressor  housing  through  rigid 
struts .  The  permanently  lubricated  bearings  were  preferred  in  the 
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compressor  end  of  the  turbocharger  to  avoid  the  presence  of  an 
oil  supply  and  drain  system  within  the  induction  system  which 
could  pose  a  hazard  with  diesel  engine  operation  should  an  oil 
leak  occur. 

The  pair  of  bearings  were  located  radially  by  preloaded  damper 
springs  acting  on  the  outer  races  and  were  preloaded  in  the  axial 
direction  as  well  to  eliminate  all  radial  and  end  play  between 
the  inner  and  outer  bearing  races.  These  bearings  served  to 
locate  the  inner  shaft  axially  as  well  as  radially  within  the  twin- 
spool  turbocharger. 

iii)  The  exducer  end  of  the  inner  shaft  was  supported  by  a  single 
ball  bearing  which  was  (radially)  spring-damper  mounted  within  a 
bearing  capsule  which  was  rigidly  supported  by  the  turbine 
housing.  Lubrication  and  cooling  for  the  un-shielded  ball  bearing 
was  accomplished  by  flowing  an  air/oil  mist  into  the  bearing 
capsule  and  through  the  bearing  itself  during  operation. 

iv)  Fabrication  of  new  components  was  kept  to  a  minimum.  The 
principal  components  to  be  fabricated  were  a  new  inner  shaft, 
inner  shaft  compressor  end  and  turbine  end  bearing  capsules  and 
related  support  structures,  adapting  hardware  to  mate  above  support 
structures  to  the  compressor  and  turbine  housings  and  miscellaneous 
fasteners  and  seals. 

6.2  Aerodynamic  Components 

Table  6  presents  the  key  physical  parameters  relating  to  the  principal 
aerodynamic  components  used  in  the  new  twin-spool  turbocharger.  Figure  35  presents 
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a  photograph  of  the  new  rotating  elements,  complete  with  new  inner  shaft,  in 
preliminary  assembled  form.  Specific  changes  made  to  these  components  (with 
respect  to  the  first  design)  were  as  follows: 

Compressor  Inducer 

The  compressor  inducer  diameter  was  increased  by  0.060  inches  along 
with  a  concurrent  increase  in  blade-to-blade  passage  flow  area. 

Radial  Compressor  Impeller 

The  radial  compressor  impeller  inlet  diameter  was  increased  by  0.060 
inches  as  well.  The  exit  backswept  angle  was  decreased  from  40  degrees  to  25 
degrees  to  increase  the  overall  impeller  work  factor  (due  to  increased  net 
tangential  component  of  exit  airflow)  thereby  optimizing  for  best  compressor 
efficiency  at  (engine)  lug  conditions. 

Radial  Turbine  Rotor 

The  radial  turbine  exit  diameter  was  decreased  from  4.18  inches  to 
3.78  inches,  with  a  concurrent  decrease  in  exit  channel  area  from  8.18  in2  to 
5.55  in^ .  In  addition,  the  exit  blade  angle  was  changed  from  37  degrees  to  51 
degrees .  These  changes  were  made  to  increase  the  rearward  tangential  component  of 
the  channel  exit  gas  velocity,  thereby  producing  less  positive  gas  exit  swirl 
than  previously  attained  and  hence  improving  radial  turbine  efficiency.  This 
change  was  also  thought  to  increase  the  blade-to-blade  solidity  of  the  radial 
turbine  rotor  to  the  point  where  flow  separation  and  recirculation  would  be 
avoided. 

Turbine  Exducer 

The  inlet  diameter  of  the  turbine  exducer  was  decreased  to  3.92  inches 
to  provide  a.  smooth  entry  for  flow  leaving  the  radial  turbine  section.  The  exit 
diameter  of  the  exducer  section  was  kept  the  same  as  previously  used  (4.18  inches) 
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to  minimize  axial  exit  leaving  losses,  and  a  diametral  expansion  angle  of 

24  degrees  was  used  between  the  respective  diameters.  The  original  exit 

2 

blade  angle  of  53.5  degrees  and  exit  channel  area  of  6.48  in.  were  retained, 
as  both  were  deemed  appropriate  to  produce  near  zero  exit  swirl  for  the 
reduced  exducer  speed  which  was  expected. 

Compressor  Housing  and  Diffuser 

The  compressor  housing  and  adjustable  vane  diffuser  assembly,  as 

used  previously  in  the  twin-spool  turbocharger,  was  modified  to  accept  mom ting 

of  the  new  inner  shaft  bearing  capsule  within  the  compressor  housing  inlet 

2 

duct.  The  diffuser  throat  area  was  set  at  1.6  in  . 

Turbine  Housing  and  Nozzles 

A  divided  volute  with  adjustable  vane  turbine  nozzle  assembly  was 
selected  for  use  with  the  new  twin-spool  turbocharger  design.  This  housing 
was  selected  because: 

1)  The  effect  of  exhaust  gas  pulse  recovery  may  be  enhanced  with  the 
use  of  a  turbine  housing  which  has  a  divided  volute.  A  divided 
volute,  when  used  in  conjunction  with  a  split  exhaust  manifold  of 
the  type  used  on  the  NTC-475,  serves  to  separate  the  exhaust  pulses 
of  the  front  three  cylinders  from  those  of  the  rear  three  cylinders. 
The  benefit  of  this  arrangement  is  to  provide  a  smaller  volume 
into  which  a  given  exhaust  pulse  will  expand,  thereby  preserving 
the  magnitude  of  the  pulse  which  can  be  delivered  to  the  turbine. 

2)  The  use  of  adjustable  turbine  nozzles  allows  for  fine-tuning  of 
the  engine/turbo  system  when  actual  engine  testing  has  begun.  By 
having  control  over  the  nozzle  throat  area,  the  optimum  balance 


-77- 


between  good  engine  lug  performance  and  control  of  boost  pressure 
at  the  rated  condition  may  be  obtained  without  the  need  to  obtain 
and/or  fabricate  new  hardware. 

3)  The  divided  volute/adjustable  nozzle  system  required  no  fabrica¬ 
tion  (as  it  had  been  developed  during  a  previous  effort)  and 
required  only  simple  modification  to  accept  mounting  of  the  new 
inner  shaft  bearing  capsule  within  the  turbine  housing  exit  duct. 

Figure  36  presents  a  photograph  of  the  partially  assembled  (second 
design)  twin-spool  turbocharger.  As  shown  in  the  photograph,  the  radial  turbine 
wheel  and  compressor  wheel  have  been  installed  into  the  TMS  ball  bearing  capsule. 

In  addition,  the  modified  compressor  and  turbine  housings  have  bjeen  fitted  with 
their  respective  inner  shaft  bearing  capsules.  Figure  37  presents  a  photograph  of 
the  completed  twin-spool  turbocharger  as  viewed  from  the  compressor  inducer  and 
turbine  exducer  ends,  respectively.  As  part  of  the  final  assembly  procedure, 
the  following  parameters  were  measured  and/or  adjusted  to  ensure  proper  turbocharger 


operation : 

Radial  compressor  shroud  clearance .  0.014  in. 

Radial  turbine  shroud  clearance .  0.038  in. 


Outer  shaft  end  play . 

Outer  shaft  rotating  eccentricity . 

Inducer  to  compressor  housing  concentricity 

Exducer  to  turbine  housing  concentricity... 

Inner  shaft  end  play . 

Inner  shaft  rotating  eccentricity 

inducer  end  center . 

exducer  end  center . 

Compressor  diffuser  vane  height . 

Compressor  diffuser  throat  area . 

Turbine  nozzle  throat  area . 


0.002  in. 

T.I.R.  <:  0.0006  in. 

Centering  checked  and  verified 
Centering  checked  and  verified 
0.003  in. 

T.I.R.^  0.0004  in. 

T.I.R. 0.0004  in. 

0.250  in. 

Ad  =  1.60  in.2 

An  =  2.89  in.2 
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Figure  34A  -  PARTS  LIST 


F/N 

Part  No. 

Req. 

Description 

1 

TAC-129-20B-1 

1 

Turbine  volute 

2 

-2 

1 

Turbine  volute  insert 

3 

-3 

1 

Compressor  housing 

4 

-4 

1 

Bearing  housing 

5 

-5 

1 

Bearing  housing  cover 

6 

-6 

1 

Radial  turbine  rotor 

H 

-7 

1 

Radial  impeller 

-8 

1 

Inducer 

1 1  I 

-9 

1 

Exducer 

i 10 

-10 

1 

Axial  compressor  bearing  housing 

ii 

12 

-12 

1 

Axial  compressor  bearing  housing  closure 

13 

-13 

1 

5/16-18  tine  magnetic  nut 

14 

103T/103H 

2 

Barden  ball  bearing 

15 

38  SST  x  2 

2 

Barden  ball  bearing 

16 

TAC-129-2 OB-16 

2 

Axial  compressor  damper  ring 

17 

-17 

1 

Axial  compressor  washer 

18 

-18 

1 

Inducer  bearing  spacer 

19 

-19 

2 

Axial  compressor  spring  carrier 

20 

-20 

1 

Inducer  spacer 

21 

-21 

1 

Axial  shaft  seal  retainer 

22 

-22 

1 

Axial  shaft  seal  ring 

23 

-23 

1 

Impeller  nut 

24 

-24 

1 

Impeller  washer 

25 

-25 

1 

Axial  rotor  shaft 

26 

-26 

1 

Thrust  spacer 

27 

-27 

2 

Slinger  -  radial  shaft  bearing 

28 

-28 

1 

Radial  shaft  bearing  spacer 

31 

-31 

1 

Axial  turbine  damper  ring 

32 

-32 

3 

Axial  turbine  expansion  joint  pin 

33 

-33 

1 

Axial  turbine  bearing  housing  nut 

34 

-34 

1 

Axial  turbine  bearing  carrier 

(Continued) 
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Figure  34A  -  PARTS  LIST  (Continued) 


F/N 

Part  No. 

Req . 

Description 

35 

TAC-129-20B-35 

B 

Axial  turbine  spider 

36 

-36 

B 

Axial  turbine  spacer 

37 

-37 

B 

Axial  turbine  ring 

38 

-38 

B 

Oil/air  in  adaptor  -  axial  turbine 

39 

NZSB1801600D 

fl 

Lee  oil  jet  in  fitting  Ph213-417-8844 

40 

TAC-129-20B-40 

2 

Expansion  joint  pin  adaptor 

41 

-41 

2 

Radial  rotor  bearing  shim 

1  42 

ESNA  Z1825-054 

1 

Axial  turbine  shaft  nut 

43 

%-20x2.25  ores. 

6 

Socket  head  bolts  -  Ref.  F/N  37 

44 

Piston  ring,  R.M. #118032 

2 

Radial  turbine/compressor  seal  ring 

45 

C0180-026-0620M 

II 

Assoc. Spring- 3  axial  comp/4  rad.  rotor 

|  46 

8-C5BU-S 

B 

Parker  fitting  or  equiv. 

47 

2-022  (.989  x  .070) 

fl 

Parker  "0"  ring  or  equiv. 

48 

B 

Thermocouple 

I  49 

10061-04-5-0 

B 

Fluorocarbon  seal  Ph  213-594-0491 

|  50 

10-24  x  1.75 

4 

Socket  head  bolts  -  Ref.  F/N  10 

!  51 

TAC-129-2 OB-51 

2 

F/N  40/32  Assem. 

j  52 

-52 

1 

F/N  38/32  Assem. 

i  53 

3-8  (.644  x  .087) 

1 

Parker  "0"  ring  or  equiv.  Ref.  F/N  46 

j  54 

^-20x1.25  ores. 

2 

Socket  head  bolts  Ref.  F/N  54 

;  55 

5ii-20xl.00  ores. 

4 

Socket  head  bolts  Ref.  F/N  51 

;  56 

Spirolox  -  KR-115 

1 

F/N  12  retainer  ring 

i  57 

TAC-129-26 

1 

5/16  vine  nut 

58 

Existing  part 

1 

Radial  element  rotor  damper  ring  carrier 

;  59 

PB00900FFBP 

1 

Metal  ”0"  ring 

j  60 

PB005339FFBP 

1 

Metal  "0"  ring 

[  61 

TAC-129-20C,  F/N  61 

1 

Slinger  washer 

62 

TAC-129-20C,  F/N  62 

1 

Sleeve 

63 

38SSTX2 

1 

Barden  ball  bearing 

64 

TAC-129-20C,  F/N  64 

1 

Spacer 

65 

TAC-129-20C,  F/N  65 

1 

Retainer 

66 

F0846-008 

1 

Finger  spring  washer  -  Assoc.  Spring  Corp. 

_ _ _ _ _ _ : _ i 
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Where: 


Table  6. 


Compressor  Inducer  Section 


Diameter .  3.086  in. 

Inlet  Annular  Area . 6.75  in. 2 

RMS  Radius .  1.152  in. 

Inlet  Blade  Angle .  40  deg. 

Inlet  Channel  Area .  4.20  in.2 

Exit  Blade  Angle . 69  deg. 

Exit  Channel  Area .  5.20  in.2 

Number  of  Blades .  10 

Radial  Compressor  Section 

Inlet  Diameter .  3.086  in. 

Inlet  RMS  Radius .  1.164  in. 

Inlet  Blade  Angle .  52  deg. 

Inlet  Channel  Area . 5.00  in.2 

Exit  Diameter .  5.00  in. 

Exit  Blade  Angle . 65  deg. 

Exit  Channel  Area .  3.225  in.2 

Radial  Turbine  Section 

Inlet  Diameter .  5.086  in. 

Exit  Diameter .  3.780  in. 

Exit  RMS  Radius .  1.423  in. 

Exit  Blade  Angle . 51.0  deg. 

Exit  Channel  Area .  5.551  in.2 

Turbine  Exducer  Section 

Inlet  Diameter .  3.920  in. 

Inlet  Blade  Angle .  31.0  deg. 

Exit  Diameter..... . 4.181  in. 

Exit  RMS  Radius .  1.560  in. 

Exit  Blade  Angle .  53.5  deg. 

Exit  Channel  Area . 6.48  in.2 


Compressor  Housing  and  Diffuser 

.  2 

Diffuser  Throat  Area....  1.60  in. 

Number  of  Vanes .  21 

Housing  Type .  Torus 

Turbine  Housing  and  Nozzle 

Nozzle  Throat  Area .  2.89  in.2 

Number  of  Vanes .  2  x  18  =  36 

Housing  Type . Divided  Volute 


1)  all  angles  are  measured  at  the  RMS  radius 

2)  all  compressor  blade  angles  are  given  with 
respect  to  the  tangential  direction 

3)  all  turbine  blade  angles  are  given  with 
respect  to  the  axial  direction 

Key  physical  parameters  of  the  second  twin-spool 
turbocharger  aerodynamic  design 
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twin-spool  turbocharger 


7.0  EXPERIMENTAL  PROGRAM  -  SECOND  DESIGN  TWIN -SPOOL  TURBOCHARGER 


7.1  Bench  Testing 

Figure  38  presents  photographs  of  the  (second  design)  twin-spool 
turbocharger  installed  in  the  TMS  bench  test  facility.  A  complete  description 
of  bench  test  apparatus,  set-up  and  test  procedure  appear  in  Sections  5.2.1 
and  5.2.2  of  this  report. 

7.1.1  Second  Design  Twin-Spool  Turbocharger  Bench  Test  Results 
and  Performance  Analysis 

Initial  low  speed  operation  of  the  (second  design)  twin-spool 
turbocharger  was  found  to  be  free  of  significant  vibration  or  mechanical  inter¬ 
action  between  the  inner  and  outer  shafts.  Continued  testing  was  conducted 
over  a  range  of  airflows  at  the  corrected  radial  compressor  speeds  of  48,000, 
60,000  and  72,000  RPM  without  any  mechanical  anomalies. 

Presented  in  Figure  39  is  the  twin-spool  compressor  map 
resulting  from  the  collected  bench  test  data.  The  highlights  of  the  compressor 
performance  results,  as  shown  in  Figure  39,  are  as  follows: 


CORRECTED 

SPEED 

MAX.  PRESS. 

RATIO 

MAXIMUM 

EFFICIENCY 

AIRFLOW  RANGE 

(SURGE  TO  W  @  60%  EFF.) 

corr 

48,000  RPM 

1.88/1 

76% 

.60  to  .88  lbm/sec 

60,000  RPM 

2.56/1 

74.4% 

.78  to  1.17  lbm/sec 

72,000  RPM 

3 . 50/1 

72% 

1.05  to  1.51  lbm/sec 

Also  shown  in  Figure  39  are  the  engine  operating  speed  lines 
for  the  Cummins  NTC-475  twin-turbo  diesel  engine  (as  determined  through  baseline 
engine  testing  and  presented  in  Section  5.1  of  this  report) .  These  curves, 
as  shown  on  th‘e  compressor  map,  serve  to  demonstrate  the  apparent  suitability 
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of  the  twin-spool  compressor  section  to  meet  or  exceed  NTC-475  baseline  engine 
performance  requirements  in  the  following  ways: 

1)  Engine  low  speed  operation  (1300  KPM  operating  line  is 
shown)  was  sufficiently  far  away  from  the  compressor  low 
flow  surge  limit  that  engine  lugging  capability  (high 
torque,  low  speed)  appeared  to  be  achievable  at  an  even 
lower  engine  KPM  than  originally  possible . 

2)  Compressor  efficiency  at  the  1300  KPM  operating  line  varied 
between  74  and  76  percent.  This  high  efficiency  helps  to 
extend  high  intake  manifold  pressure  operation  to  lower 
engine  speeds  (increased  compressor  efficiency  reduces 
turbine  power  requirements  and  allows  higher  radial  section 
speeds)  and  was  expected  to  extend  engine  lugging  capability. 

3)  Compressor  range  was  sufficiently  wide  to  accommodate  full 
rated  engine  power  (at  2100  KPM)  with  no  change  in  diffuser 
area  setting  required.  Compressor  efficiency  at  full 
engine  power  was  expected  to  be  about  67  percent,  which 
calculations  showed  to  be  ideal  to  prevent  over-boosting  of 
the  intake  manifold  pressure  at  that  condition. 

4)  Maximum  radial  compressor  speed  at  rated  engine  power  was 
estimated  to  be  about  74,000  KPM.  Previous  experience  with 
the  ball  bearing  rotor  suspension  being  used  had  shown  that 
reliable  and  lengthy  operation  could  be  expected  at  this  speed. 

Further  results  are  shown  in  Figure  40  which  presents  curves  of 
a)  inducer  angle  of  attack,  b)  radial  compressor  angle  of  attack,  c)  inducer  to 
radial  compressor  section  speed  ratio,  d)  inducer  work  done  to  overall  compressor 
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work  ratio,  e)  exducer  exhaust  swirl  angle  and  f)  turbine  U/CQ  ratio  all  as  a 
function  of  corrected  compressor  airflow.  It  should  be  noted  that  for  the  test 
results  presented  here,  the  48,000  KPM  data  was  collected  using  cold  drive  air 
on  the  turbine  side  and  that  the  60,000  and  72,000  KPM  data  was  collected 
using  hot  (900  to  1200°F)  drive  air  on  the  turbine  and  was,  therefore,  more 
representative  of  results  to  be  expected  during  engine  operation  of  the  twin- 
spool  turbocharger.  Using  60,000  and  72,000  KPM  as  a  basis,  the  important 
results  to  be  observed  from  Figure  40  are  summarized  below: 


ITEM 

RESULT 

COMMENT 

Inducer  Angle 
of  Attack 

10.8  to  -3.6 
degrees 

Low  enough  to  avoid 
inducer  stall,  enhances 
inducer  efficiency. 

Radial  Compressor 
Angle  of  Attack 

6.3  to  -5.0 
degrees 

Flow  virtually  aligned  with 
blade  leading  edge.  Ideal 
for  best  efficiency. 

Inducer  RPM 

Radial  RPM 

74  to  78% 
approx . 

Result  of  split  wheel 
power  balance.  Ideal 
result  to  produce  above  effects . 

Inducer  Ah 

Overall  A  H 

10  to  15% 
typical 

Split  wheel  power  balance. 

Ideal  values . 

Exducer  Exhaust 
Swirl  Angle 

+6  to  +10 
degrees 

Result  of  slowed  exducer. 

Values  are  good  for  best 
overall  turbine  efficiency. 

Turbine  U/CQ 

.66  to  .69 
dimensionless 

Ratio  of  turbine  tip  speed  to 
turbine  spouting  velocity.  A 
value  of  .707  is  optimum  for  maximum 
efficiency. 

Concurrent  with  wide  compressor  range  and  good  low-flow  efficiency, 
the  turbine  section  of  the  twin-spool  turbocharger  exhibited  favorable  performance 
as  well.  The  ratio  of  radial  section  tip  speed  to  exhaust  gas  spouting  velocity, 
U/CQ,  is  a  strong  factor  affecting  turbine  efficiency.  The  ideal  value  of  0.707 
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was  effectively  achieved  during  the  60,000  and  72,000  KPM  tests.  In  addition, 
turbine  exit  gas  swirl  (for  which  large  positive  values,  i.e.,  greater  than 
20  degrees ,  are  known  to  deteriorate  turbine  performance)  was  observed  to  be 
within  6  to  10  degrees  positive  with  respect  to  exducer  rotation.  In  con¬ 
sideration  of  these  factors,  it  was  expected  that  the  turbine  section  would 
have  the  efficiency  necessary  to  provide  the  required  power  at  low  flows  to 
capitalize  on  the  wide  range  of  the  twin-spool  compressor  section. 

The  above  results  indicated  that  the  new  twin-spool  turbocharger 
geometry  had  been  optimized  to  the  point  where  the  range  and  efficiency  would 
permit  the  twin-spool  turbo  to  meet  or  exceed  the  performance  of  the  two  turbos 
currently  used  on  the  NTC-475.  Further  testing  of  the  twin-spool  turbocharger  was 
then  carried  out  on  the  NTC-475  diesel  engine. 
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Figure  38,  Completed  installation  of  the  twin-spool  turbocharger  in  the 
TMS  turbo  bench  test  facility 
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PRESSURE  RATIO  EFFICIENCY  (*0 


KPM 


Run  wo. 


7.2  Twin-Spool  Turbocharger/Engine  Testing 


7.2.1  Enqine/Turbocharqer  Test  Set-Up 

Figure  41  presents  a  photograph  of  the  (second  design)  twin- 
spool  turbocharger  installation  on  the  Cummins  NTC-475  diesel  engine.  While 
the  general  engine  test  set-up  is  described  in  Section  5.1.3  of  this  report, 
specific  preparations  for  twin-spool  turbocharger/engine  testing  are  described 
as  follows: 

1)  The  twin-spool  turbocharger  was  mounted  via  the  turbine 
volute  inlet  flange  directly  to  the  NTC-475  exhaust  manifold 
outlet.  The  existing  exhaust  system  (en  route  to  muffler) 
was  adapted  to  the  twin-spool  turbine  outlet. 

2)  The  engine  inlet  duct  system  was  connected  to  the  twin-spool 
compressor  inlet.  Fabrication  and  installation  of  new 
ducting  was  required  to  connect  the  twin-spool  compressor 
outlet  to  the  engine  intake  manifold. 

3)  The  engine  lubrication  system  was  adapted  to  the  twin -spool 
turbocharger  so  as  to  provide  oiling  for  both  the  main 
(radial  rotor  shaft)  bearing  capsule  and  the  inner  shaft 
(turbine  exducer  end)  bearing  capsule.  In  addition,  regulated 
bleed  air  (from  the  engine  auxilliary  compressor)  was  con¬ 
nected  to  the  inner  shaft  bearing  capsule  air/oil  mist  mixing 
block  inlet. 

4)  The  twin-spool  turbocharger  was  fully  instrumented  for  pressures, 
temperatures,  speeds  and  airflow  rate.  In  addition,  protective 
radiation  shielding  was  placed  on  the  engine  exhaust  manifold, 
turbine  volute  and  exhaust  pipe  to  protect  the  instrumentation 
lines  from  heat  damage. 
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7.2.2  Test  Procedure 

Table  7  is  presented  to  show  the  engine  operating  points  that 
were  set  for  the  NTC-475  diesel  engine/twin-spool  turbocharger  test.  At  each 
of  the  seven  engine  speeds  shown,  torque  was  adjusted  by  increments  of  300  lbs-ft 
until  the  maximum  torque  for  the  given  speed  was  obtained.  This  test  plan 
yielded  33  engine  operating  points  from  which  data  was  collected. 

For  each  of  the  operating  conditions,  the  set  speed  was  held 
constant  by  varying  dynamometer  load  as  fuel  flow  was  adjusted  to  produce  the 
desired  torque  output.  In  addition,  the  inlet  air  control  valve  was  adjusted  to 
maintain  the  constant  compressor  inlet  reference  pressure  of  28.4  inches  of  Hga 
Data  was  collected  for  non-critical  measurements  (i.e.,  support  system  measurements 
not  related  to  engine/turbo  performance)  while  stabilization  of  important  pressures 
and  temperatures  occurred.  Once  steady  state  conditions  were  verified,  critical 
data  was  collected  and  the  next  set  point  was  established. 

7.2.3  Test  Data  Reduction 

An  engine  performance  map  was  generated  along  with  supplemental 
curves  which  serve  to  analyze  engine/turbocharger  performance.  Specially  designed 
twin-spool  compressor  and  turbine  and  existing  engine  performance  analysis  compu- 
ter  programs  were  used  to  calculate  the  critical  turbocharger  and  engine  performance 
from  the  test  data. 

7.2.4  Twin-Spool  Turbocharger/NTC-475  Engine  Test  Results  and 

Performance  Analysis 

Presented  in  Appendix  A  are  the  "raw"  test  data  and  reduced  test 
results  in  tabular  form.  The  reduced  test  data  is  also  presented  in  several 
plots  which  are  discussed  as  follows: 
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-  Figure  42  presents  BMEP  and  BHP  as  a  function  of  engine 
speed  and  torque,  and  also  presents  maximum  engine  torque  as  a  function  of 
engine  speed.  Comparison  with  Figure  23,  Section  5.1.6,  shows  that  the  maximum 
BHP  and  BMEP  obtained  in  the  twin-spool  turbocharger/NTC-475  engine  test  closely 
match  the  results  of  the  baseline  engine  test.  The  rated  BHP  of  475  hp  was 
obtained  at  2100  RPM  rated  engine  speed  and  the  maximum  deviation  occurred  at 
1300  RPM  where  BHP  and  BMEP  varied  by  approximately  3  percent  from  baseline 
results. 

-  Figure  43  presents  BSFC,  F/A  ratio  and  exhaust  manifold  gas 
temperature,  all  as  a  function  of  engine  speed  and  torque.  As  can  be  seen  there, 
the  excellent  BSFC  of  about  0.35  was  obtained  at  1400  RPM,  at  the  maximum 
torque  of  1476  lb/ft,  which  matches  the  baseline  test  results. 

-  Figure  44  presents  exhaust  manifold  pressure,  intake  manifold 
pressure  and  engine  airflow,  all  as  a  function  of  engine  speed  and  torque.  As 
shown  in  these  curves,  a  peak  boost  pressure  of  82.5  in.  Hga  and  corresponding 
peak  airflow  of  about  1.45  lb/sec  were  obtained  at  2100  RPM  rated  engine  speed, 
which  fell  within  about  5  percent  of  baseline  engine  test  results. 

-  Figure  45  presents  compressor  pressure  ratio,  compressor  effi¬ 
ciency,  radial  compressor  wheel  angle  of  attack  and  inducer  angle  of  attack,  all 
as  a  function  of  engine  speed  and  torque.  In  addition,  Figure  46  presents  cor¬ 
rected  radial  compressor  RPM,  ratio  of  inner  to  outer  shaft  speeds  and  ratio  of 
work  done  by  the  inducer  stage  to  total  compressor  work,  all  as  a  function  of 
engine  speed  and  torque.  As  can  be  seen  in  Figure  45,  the  twin-spool  compressor 
section  demonstrated  increasing  efficiency  in  going  from  2100  RPM  rated  engine 
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speed  (approximately  70  percent)  to  1500  KPM  lug  engine  speed  (73  to  75  percent 
efficiency)  and  produced  no  less  than  71  percent  compressor  efficiency  at 
1200  KPM  at  torque  settings  of  600  lb/ft  and  above.  This  maximization  of  com¬ 
pressor  efficiency  at  lug  engine  speeds  is  exactly  what  is  needed  to  a)  give 
optimum  engine  low  speed  (lug)  performance  while  b)  avoiding  engine  over¬ 
boost  at  rated  speed. 

Further  examination  of  Figure  45  shows  that  the  maximum 
compressor  efficiency,  which  occurred  at  1500  engine  KPM,  coincides  with  the 
occurrence  of  near  zero  angles  of  attack  on  both  the  inducer  and  radial  compres¬ 
sor  sections  (see  upper  curves) .  These  aerodynamic  parameters  were  a  direct 
result  of  the  twin-spool  turbocharger  split  inducer/exducer  design  which 
produced  the  desired  shaft-to-shaft  power  and  speed  ratios  presented  in  Figure 
46. 

-  Figure  47  presents  turbine  pressure  ratio,  turbine  efficiency, 
turbine  U/CQ  and  turbine  exducer  exit  gas  swirl,  all  as  a  function  of  engine 
speed  and  torque.  These  curves  show  that  the  overall  twin-spool  turbine  section 
exhibited  increasing  efficiency  from  about  65  percent  at  2100  KPM  rated  engine 
speed  to  about  80  percent  at  1200  KPM  lug  speed.  This  is  the  desired  result 
when  designing  for  optimum  engine  lug  performance  and  is  attributed  to  the 
following  factors : 

a)  Turbine  U/CQ,  at  the  maximum  torque  condition,  increased 
from  about  0.67  at  2100  KPM  rated  speed  to  about  0.71  at 
1300  KPM  lug  speed.  The  optimum  value  of  U/CQ,  for  best 
turbine  efficiency,  is  0.707. 

b)  Exducer  gas  exit  swirl  angle,  at  the  maximum  torque  condition, 
varied  from  about  -12  degrees  (minus  means  opposite  wheel 
rotation)  at  2100  KPM  to  near  zero  swirl  at  1300  KPM  lug 
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speed.  When  zero  exit  swirl  is  achieved,  tangential  exit 
losses  from  the  turbine  can  be  avoided,  thereby  maximizing 
available  turbine  efficiency.  The  above  was  made  possible 
through  the  design  of  the  split  inducer/exducer  concept 
which  allowed  lower  exducer  rotational  speeds,  thereby 
preventing  large  positive  values  of  exit  swirl, 
c)  Exhaust  pulse  energy  recovery  in  the  twin-spool  turbine, 
most  notably  at  lower  engine  speeds  where  availability 
of  pulse  energy  increases ,  served  to  enhance  turbine 
efficiency  by  the  extraction  of  extra  work  from  the 
exhaust  gas  over  and  above  that  which  steady-state,  steady- 
flow  calculations  predict  using  time-averaging  pressure  and 
temperature  measurements. 

The  above  results  demonstrate  the  suitability  of  the  twin-spool 
turbocharger  to  provide  good  engine  lug  speed  performance  while  limiting  rated 
speed  boost  pressure.  Presented  in  Figure  48  are  the  NTC-475  engine  speed  opera¬ 
ting  lines,  as  obtained  through  engine  testing  with  the  twin-spool  turbocharger, 
superimposed  on  the  compressor  map  of  the  twin-spool  turbocharger  (as  determined 
through  bench  testing  and  presented  in  Section  7.1) .  This  compressor  map  serves 
to  demonstrate  the  ability  of  the  twin-spool  turbocharger  to  not  only  meet  the 
range  and  pressure  ratio  requirements  of  the  NTC-475  diesel  engine  from  the 
original  1300  PPM  lug  engine  speed  to  2100  PPM  rated  engine  speed  but  in  addition 
extends  the  lug  capability  to  1200  PPM. 
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RPM 

TORQUE  SETTING.  Lbs.  ft. 

1200 

300 

600 

900 

1200 

i 

i 

i 

i 

1300 

300 

600 

900 

1200 

MAX 

1400 

300 

600 

900 

1200 

MAX 

1500 

300 

600 

900 

1200 

MAX 

1700 

300 

600 

900 

1200 

MAX 

1900 

300 

600 

900 

1200 

MAX 

2100 

300 

600 

900 

MAX 

i 

i 

i 

i 

Table  7 .  Twin-spool  turbo/NTC-475  engine  operating  points 
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Figure  42.  Variation  of  engine  brake  horsepower  and  brake  mean  effective 
pressure  as  a  function  of  engine  speed  and  toque,  twin-spool  turbocharer  - 
ger  /  NTC-475  diesel  engine  test. 
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Figure  44.  Variation  of  engine  air  flow,  intake  manifold  absolute  press¬ 
ure,  and  exhaust  manifold  absolute  pressure  as  a  function  of  engine  speed 
and  torque,  twin-spool  turbocharger  /  NTC-475  diesel  engine  test. 
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8 . 0  CONCLUDING  REMARKS 


Based  upon  the  results  of  the  work  reported  herein,  the  following 
conclusions  are  drawn: 

1.  The  twin-spool  turbocharger  has  been  successfully  developed  to  the 
point  where  it  could  replace  the  original  two-stage  turbocharger 
system  of  the  Cummins  NTC-475  diesel  engine. 

2.  The  efficiency  of  the  twin-spool  turbocharger  at  engine  lugging 
speeds  served  to  maintain  high  intake  manifold  pressure,  thereby 
yielding  essentially  the  same  BHP,  BSFC  and  torque  from  the  NTC-475 
as  available  with  the  original  two-stage  turbocharger  system. 

3.  The  ratio  of  shaft  speeds  in  the  final  twin-spool  turbocharger  was 
observed  to  be  ideal.  This  ratio  was  found  to  vary  automatically 
with  respect  to  flow  condition,  thereby  providing  self-compensation 
for  aerodynamic  performance  over  a  wide  range  of  airflow. 

4.  The  twin-spool  turbocharger  configuration  developed  for  the  NTC-475 
occupies  less  volume  than  the  two-stage  system,  thereby  minimizing 
the  volume  for  the  engine  packaging  envelope,  often  a  major  concern 
in  military  vehicle  applications.  In  addition,  induction  and  exhaust 
ducting  and  related  insulation  requirements  are  simplified  and  reduced. 

5.  The  twin-spool  turbocharger  system,  albeit  successfully  developed 
during  this  effort,  is  thought  to  have  the  potential  for  further 
optimization  and  performance  enhancement.  An  improved  system  could 
sustain  even  higher  intake  manifold  pressure  during  engine  lug 
operation,  and,  in  conjunction  with  a  commensurate  increase  in  fuel 
flow,  would  allow  even  higher  engine  BHP,  torque  and  improved  BSFC 
to  be  obtained. 
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6.  Further  improvement  of  the  twin-spool  turbocharger  mechanical 

design  would  involve  continued  development  of  the  original  concen¬ 
tric  shaft  design,  with  the  outer  shaft  supporting  the  inner  shaft. 
It  is  felt  that  the  successful  implementation  of  this  design  would 
result  in  a  simpler,  more  practical  and  economical  turbocharger 
assembly. 
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APPENDIX  A 

ENGINE  BASELINE  DATA  WITH  TABULATED  RESULTS,  AND 
ENGINE/TWIN-SPOOL  TURBOCHARGER  DATA  WITH  TABULATED  RESULTS 
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